A semi-empirical electron transport model is proposed for calculating dose profiles at material interfaces irradiated by gamma rays. The model is a oneenergy-group, "two-flux" model of the Boltzmann equation-type; isotropic elastic scattering is assumed. It has the novel feature of employing electron scattering parameters that depend only upon the backscatter coefficient and electron range in each interface material. The model gives predictions similar to the semi-empirical model of Burke and Garth (1976) derived for x-ray energies, but extends the predictions to higher energies by taking into account the high degree of forward anisotropy of Compton and photoelectrons. Analytic expressions for the dose profiles on each side of the interface are derived and applied to the case of 1.25 MeV gamma rays irradiating a gold-aluminum interface. The relationship of this new model to the semi-empirical model is discussed.
INTRODUCT ION
The semi-empirical model developed by Burke and Garthl and extended by Chadsey2 successfully predicts the dose profile near a plane interface between two materials irradiated by x-rays. This model assumes isotropic generation of photoelectrons. In this paper we have extended this model to higher photon energies by considering the effect of anisotropic generation of electrons by Compton and photoelectric interactions.
There are several motivations for this work.
There is available3 a considerable body of experimental data on dose profiles at material interfaces obtained at Cobalt-60 energies. Analysis of this data began last year4 using the POEM electron Monte Carlo code as the principal tool for generating theoretical profiles. Numerous runs were made at different photon energies using typically 400 seconds per run on the AFGL CDC 6600. Even longer running times would have been required using the TIGER or SANDYL codes. A more rapid method of computing profiles is badly needed for unfolding the various photon energy contributions in the experimental data.
In addition, it would be useful for systems design and optimization of shielding of electronic components to have a rapid analytical method for calculating the dose enhancement effect. For such purposes, Monte Carlo calculations are unwieldy and uneconomical. In contrast, because it is simple and fast, the semiempirical model provides an ideal tool for such calculations. Naturally, Monte Carlo codes, because of their generality and the complete physical models employed, will continue to be important for accurate calculations and for checking and verification.
Finally, we have discovered how to derive expressions completely analogous to semi-empirical model formulas1 using the analytical solution of a simple "two-flux", one-group transport equation. Using the transport equation approach, we have obtained a simple extension of the semi-empirical model that includes anisotropic electron sources. The transport model has the advantage of being applicable to a variety of cases involving slab geometry, such as a semiinfinite medium next to a vacuum (the photoemission case), layers of finite thickness, multiple layers, etc. In this paper we present the solution to the transport equation for the case of two adjacent semiinfinite media and, as an example, use it to calculate the dose profiles near a gold-aluminum interface irradiated by 1.25 MeV photons.
THEORY
Let TR(x) be the flux of electrons going to the right and EL(x) the flux going to the left in medium 1 ( Figure 1 ). Also let xR(x) and L(x) be the corresponding fluxes in medium 2. Let us assume medium 1 contains a uniformly distributed source of electrons of density a, energy E and anisotropy factor f (where -1 < f < 1). Assuming isotropic scattering in both media, the discrete-ordinates transport equations for
where vo =-11T/a The quantitites X1 and Xg are the total mean free paths in gm/cm2 for the two media and c1 and c2 are the corresponding probabilities of surviving a scattering event without being absorbed and are sometimes known as the "singlescattering albedos" of the two media.
The boundary conditions on the fluxes are (1) continuity of flux at the interface, as given by
and (2) Compton or photoelectrons in medium 1 and let a be the corresponding attenuation coefficient and f the anisotropy factor for these electrons. Similarly, let El, a', and f' be the same quantities for Compton or photoelectrons generated in medium 2. The equilibrium dose values corresponding to these individual interactions are aE and a'E' respectively. From equations (6) - (15) a'E' Rs2(E') (1 + 6i) 1
(10) (11) (1 -61) (1 + 61)
From these solutions, the dose profiles in medium 1 and 2 can be obtained by evaluating
respectively.
DOSE PROFILE RESULTS
Let E be the average initial energy for either (1-01)(10+2)
(1-6162)
Dose in Medium 2 due to a Source in Medium 2
Equations (17) Figure 2 for photons incident on the gold (f = f' = 1) and in Figure 3 for photons incident on the aluminum (f = f' = -1)*.
Corresponding Monte Carlo calculations for the same photon energy and directions performed some years ago5 for two adjacent thick slabs of gold and aluminum are shown in Figures 4 and 5 . In Figure 4 there is a significant dose depression at the interface when the gamma rays penetrate the high atomic number medium (gold) first. This effect is reproduced by the model as shown in Figure 2 . Likewise the dose enhancement occurring when the photons penetrate the low atomic number medium first, shown in the Monte Carlo result in Figure 5 , is also evident from the model in Figure  3 . The detailed shapes are not in agreement, which is not surprising due to the oversimplified treatment of electron scattering and transport contained in the transport model. Table 2 shows a comparison between dose profile formulas of the semi-empirical model of Burke and Garth (1976) and the electron transport model presented here. For each model, the interface dose (AB) and exponential coefficient B in the formula for the dose profile in medium 2 due to a source in medium 1 is given. The primary difference between the models is the anisotropy term in the transport model formula for (AB), shown in the right-hand column. As has already been discussed, this is the term which takes into account the directionality of the electron source. In this term the factor (1 -01)/(1 + 81) determines the extent by which the anisotropy factor f is "damped out" by electron scattering in the medium; the smaller this factor the smaller the effect of photon direction, or anisotropy, on the dose. For gold and aluminum which have values for the backscatter coefficient of about .500 and .172, the "damping factor" is .333 and .7 respectively. For the photoelectrons and Compton electrons generated in the gold, the factor .333 tends to reduce the anisotropy of the dose, while for Compton electrons in aluminum the directional effect on the interface dose remains considerable.
DISCUSSION
There are some apparent differences between the B coefficients shown in Table 2 . The semi-empirical model uses (1 + n1)/nl to take into the account that the average electron energy (assuming a continuous slowing down spectrum) in medium 1 is lower than E by a factor nl/(l+n1). This same correction could be introduced into the new model, so this difference is not significant. The factor V3 is due to the choice of discrete ordinate directions (±1//N used in the model while the factor 2 in the semiempirical model arises from the treatment of particle current flow across an interface described in reference 1.
SUMMARY
In this paper we have presented a new electron * For Compton electrons, the magnitude of f (and f') is always equal to 1. For photoelectrons, the anisotropy factor at 1.25 MeV is almost equal to 1 for both media. In general f ranges from 0 to 1 depending on the photon energy. Expressions and typical values for f for photoelectrons as a function of photon energy are given in Appendix B.
transport model which gives simple analytic solutions for the electron flux and the energy deposition profiles for the interface problem in slab (planar) geometry. The model gives dose profile formulas identical in form to that of the semi-empirical model (1976) with the principal difference that anisotropic sources are taken into account in the new model. We have also shown with a numerical illustration that, taking into consideration the simple treatment of scattering and energy loss, the new model predicts in good quantitative fashion, the directional behaviour of dose profiles at a high Z/low Z interface at 1.25 MeV.
The model needs to be checked out over a range of photon energies and material combinations before using its predictions with confidence. We intend to do this using the POEM code6. However, a more sophisticated transport model involving more discrete-ordinate directions, more realistic scattering laws, and a multigroup approach (using a number of energies) will probably be necessary to reproduce the detailed shapes of Monte Carlo-generated profiles. The discrete-ordinate approach to electron transport has already been applied by Strickland7,8 for the case of x-ray photoemission and would be equally applicable for dose profiles.
The model is very promising for extension to dose profile predictions for thin layers and multi-layered structures, configurations that are cumbersome to treat with Monte Carlo techniques. In any case, equations (16)-(19) should be useful to non-electron transport "specialists" for making rapid, "back-of-the-envelope" estimates of dose profiles at high photon energies.
APPENDIX A Relationship of the Transport Model to the Boltzmann Transport Equation for Electrons
The energy-dependent, time-independent Boltzmann equation in plane geometry is given by9 x(E) = total scattering mean free path in gm/cm2 S(x,,u,E) = density of electrons injected in units of electrons/ (gm/ cm2) (P interval ) (keV) and P(p' ,E'+ p,E)dpdE is the probability of scattering from p' and E' into the jj interval from p to V + dp and energy interval E to E + dE. Ignoring secondary electron production, the normalization of P such that no electrons are gained or lost is given by
As in reference 8, the ranges of E and p are divided into a finite number of energy groups and discrete ordinates10. Equation (18) (1)- (3), our final dose formulas are equivalent to those of the semi-empirical model (see Table 2 ) when the source is isotropic. A more direct argument is that X and c should be chosen so that the inelastic or absorption mean free path AI is given by (A3) where m and n are group indices and i and j are the indices for the discreteordinates p1j. We have divided electron scattering into two types, (1) elastic, or "within-group", scattering and (2) inelastic, or "between-group", scattering. These are characterized by the mean free paths XEn and Aln and probability matrices Pnii and Pmnji respectively. The total mean free path at energy En is given by
where Ro -R(Eo). In other words, in the CSDA, an electron with initial energy Eo travels a pathlength equal to its range before it is stopped or "absorbed". If we relate c to the back-scatter coefficient 0 using equation (5) The quantities wi are the Gauss quadrature wghts corresponding to the discrete ordinates pi chosen
We now make the following additional approximations to arrive at our simplified one-dimensional transport model: We note that, with a single group, electrons cannot be scattered into the group from a higher energy, but they can be removed from the group or "absorbed" due to energy losses due to inelastic scattering. Alternatively, from the point of view of the continuousslowing down approximation (CSDA), some electrons slow down to zero energy which means that they can be regarded as being "scattered out" of the group or absorbed. Thus, the total mean free path X is assumed to be less than XE. The "single-scattering albedo" (a term used in neutron transport theory) may be defined as the ratio c = A/XE and is the probability that an electron is not absorbed upon scattering. (10) and (11), we obtain the solutions to the transport equations (A7) in the presence of a uniform anisotropic source. In a region far from a boundary, we can assume that the Di are independent of x, so that the derivatives in equation (A7) Inside a uniformly irradiated medium far from a boundary, D(x,E) is independent of x. Suppose that in this region it has the form of a continuous slowing down spectrum Mev photons incident from the left. 
